INTRODUCTION {#SEC1}
============

The revolutionary improvements in high-throughput DNA sequencing during the last 10 years have dramatically increased the availability of complete and draft microbial genome sequences. As a result, thousands of sequences are now available in the public sequence repositories, and tens of thousands of sequencing projects are ongoing. Thanks to this treasure of available data, the comparative analysis of the differential gene content of genomes quickly became a routine task in modern genomics. Especially the estimation of the core genome, the pan genome and singleton genes as defined by Tettelin *et al*. ([@B1]) and Medini *et al*. ([@B2]) are important steps in the analysis of groups of genomes. Several software platforms for comparative gene content analyses have been developed in the last decade like IMG ([@B3]), MicrobesOnline ([@B4]), MBGD ([@B5]) or OrtholugeDB ([@B6]). IMG and MicrobesOnline are designed as general purpose genomics databases for a broad variety of genomic information, but provide only a limited range of comparative analysis features. MBGD and OrtholugeDB are focused on comparative genomics, but both don not place much emphasis on result visualization and don\'t provide phylogenetic analyses. To support comparative gene content analyses combined with visual result representation, the software EDGAR ([@B7]) was developed. The initial version of EDGAR, referred to as 'EDGAR 1.0' in the following, supported only a limited range of analysis features, namely the calculation of genomic subsets and visualizations like Venn diagrams and pairwise synteny plots. The collection of features provided by EDGAR has been extended to inlcude a range of sophisticated analyses since then, with a focus on phylogenetic and statistical analyses. Existing features have been modernized and updated continuously. In the following chapters the updated and new features will be presented in detail.

TECHNICAL UPGRADES IN EDGAR 2.0 {#SEC2}
===============================

Since the publication of EDGAR 1.0 in 2009, several changes of the back-end and front-end of the software have been realized.

In EDGAR 1.0, all mathematical calculations were implemented in Perl. Most graphics were created using gnuplot (<http://gnuplot.info>) and Perl/CGI graphics. For the release of EDGAR 2.0, the visualization frameworks and libraries were changed to allow more up-to-date interactive graphics. All statistical and curve fitting calculations are now implemented in the statistical computing language *R* (([@B8]), <https://www.r-project.org/>), as well as the respective plots. For interactive result visualization, a combination of HTML5, JavaScript in general and the Highcharts (<http://www.highcharts.com/>) charting library in particular was used. The database back-end was changed from one local SQLite (<http://www.sqlite.org/>) database per EDGAR project to a central MySQL server (<http://www.mysql.com>) running the InnoDB storage engine. Project calculations are distributed to a 1000 CPU core compute cluster.

IMPROVED AND MODERNIZED FEATURES {#SEC3}
================================

For the high-throughput computation of comparative analyses it is crucial to rely on a robust orthology criterion consistent within the analyzed genome set. For this purpose, EDGAR utilizes the so called BLAST Score Ratio Values (SRVs) suggested by Lerat *et al*. ([@B9]). The basic principle used in EDGAR is still the same as described in ([@B7]), but significant improvements have been made to the method. A detailed description of the updated orthology calculation of EDGAR 2.0 is provided in the Supplementary Data.

Genomic subset calculation {#SEC3-1}
--------------------------

The main feature of EDGAR was and still is the fast calculation of the genomic subsets defined in the introduction: the core genome, pan genome and singleton genes. All calculations require the selection of one reference genome, and a set of genomes to which the reference should be compared. The reference genome acts as starting point for iterative extension or reduction of the result gene set, which is presented in tabular form. The result table shows the locus tags as well as descriptions of the genes. In addition, result tables now provide multiple alignments of the ortholog sets on nucleotide as well as on protein level. Results can be saved as multiple FASTA file (DNA or protein sequence) or as a TAB separated flat file.

Venn diagrams {#SEC3-2}
-------------

Venn diagrams show the number of genes for all possible logical combinations of a selection of genomes. They allow an easy visual inspection of the core genome size and the gene numbers in every subset of the dispensable genome. The EDGAR web interface features the creation of Venn diagrams with an upper limit of five genomes because the number of logical combinations within a Venn diagram of higher order results in too many areas for a meaningful graphical representation. Genome comparisons of a higher order are possible, though, via a new interface that enables calculation of any possible intersection of any arbitrary number of genomes. In this interface the user can select single genomes as included, excluded, or ignored, and EDGAR will calculate the gene set matching the query and present the results in tabular form. The diagram layout has been notably improved since EDGAR 1.0, providing more even sized areas and an improved coloring scheme. An example of the new Venn diagram layout used in EDGAR 2.0 is shown in the Supplementary Data.

Synteny plots {#SEC3-3}
-------------

Synteny describes the co-localization of genes on a stretch of DNA. A synteny plot showing the conservation of gene order among several genomes is an easy way to identify large scale evolutionary events like genome rearrangements. The original EDGAR web server provided an interface to create synteny plots of pairs of genomes based on the stop positions of genes that were identified as being orthologous. Plots were generated as static images with gnuplot. In EDGAR 2.0 synteny plots can be created for up to 20 genomes at a time. The genomes are compared to a selected reference genome, and a track is plotted in a different color for each of them (see Figure [1](#F1){ref-type="fig"}). The individual tracks can be switched on and off, and the order in which the genome tracks are superimposed on each other can be changed dynamically. Thus, the synteny plot is now a highly interactive tool for the analysis of large scale genome rearrangements.

![Synteny plot of four *Xanthomonas campestris* chromosomes compared to *X. campestris pv. campestris* strain B100.](gkw255fig1){#F1}

Genome browser {#SEC3-4}
--------------

To gain more convenient visual access to the genomic neighborhood of orthologous genes, a new genome browser was added to the EDGAR web interface as replacement for the comparative viewer presented in the original publication. In EDGAR 2.0, we introduce a JavaScript and HTML5 based Genome Browser. This interactive tool allocates the same color to orthologous genes, and shows the genomic context in a window of 20 kb. Thereby the genome browser allows rapid detection of the presence or absence of orthologous genes and variations in the gene order. Additionally, users can interactively realign the genes in the genome browser window by clicking on a gene. Moreover, a multiple alignment of a selected gene set can be generated, allowing biologists to verify the ortholog relationship. All gene sets visible in the 20 kb window at a given time are additionally presented in tabular form below the interactive genome browser.

NEW FEATURES ADDED TO THE EDGAR WEB SERVER {#SEC4}
==========================================

Besides the presented improvements, EDGAR 2.0 also provides novel features and concepts that have not been available before. For example, in EDGAR 1.0 only chromosomes could be compared, but organisms with multiple replicons could not be handled properly. In EDGAR 2.0, multi-replicon-organisms are fully supported, and all analysis features can be run either on the single replicons, or an a virtual container comprising all genes of an organism. These containers are automatically generated during the EDGAR project calculation and are named "ALL\_\<organism name \>". In the following the most important new features of EDGAR 2.0 are presented in detail.

Genomic subset statistics {#SEC4-1}
-------------------------

A calculated genomic subset, e.g. a core genome calculated on a specific set of genomes, is always only a snapshot of the situation for the given genome set. One possible solution to obtain a more comprehensive estimation of genomic subset sizes is to calculate the respective numbers for every possible combination of all available genomes and to use the resulting data to extrapolate how subset sizes would develop for an infinite number of genomes. Mathematical approaches for genomic subset extrapolation were proposed by Tettelin *et al*. in 2005 ([@B1]) and 2008 ([@B10]) and are now implemented in EDGAR 2.0.

### Core genome and singleton development extrapolation {#SEC4-1-1}

The development of the core genome size for increasing numbers of genomes can be predicted by a curve fitting approach using an exponential decay function. An identical approach is used to extrapolate the development of the expected number of singletons, thus, to facilitate the mathematical description only the core genome development calculation is described here.
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}{}\begin{equation*} f(n) = c \cdot \exp \left(\frac{-n}{\tau }\right) + \Omega \end{equation*}\end{document}$$ is fitted to the data, where *c* is the amplitude of the exponential function, *n* is the number of compared genomes, τ is the decay constant that defines the speed at which *f* converges to its asymptotic value and Ω is the extrapolated size of the core genome for *n* → ∞. Thus, the Ω value indicates how well the core genome size of the currently available genomes represents the 'real' core genome size of the analyzed genus. Figure [2A](#F2){ref-type="fig"} shows the core genome development plot for 14 *Xanthomonas* genomes.

![(**A**) Core genome development plot for 14 *Xanthomonas* genomes. The red curve shows the fitted exponential decay function, blue and green curves indicate the upper and lower boundary of the 95% confidence interval. The extrapolated core genome size is 2364 genes. (**B**) Pan genome development plot for 14 *Xanthomonas* genomes. The red curve shows the fitted exponential Heaps' law function, blue and green curves indicate the upper and lower boundary of the 95% confidence interval. Based on these results the pan genome is considered to be open with a growth exponent of 0.409.](gkw255fig2){#F2}

### Pan genome development extrapolation {#SEC4-1-2}

The development of the pan genome size can be estimated using a Heaps' law function. Heaps' law is an empirical law mainly used in linguistics describing the number of distinct words in a document (or a set of documents) as a function of the document length. When an increasing number of texts is analyzed, the number of different words grows according to a sub-linear power law of the total number of scanned words. The development of the pan genome shows a comparable development and can be extrapolated by a power law of the form: $$\documentclass[12pt]{minimal}
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}{}\begin{equation*} f(n) = c \cdot n^{\gamma }, \end{equation*}\end{document}$$ where *n* is the number of compared genomes, *c* is a proportionality constant and γ the growth exponent. As in the core genome and singleton statistics the parameters *c* and γ can be estimated by non-linear least squares curve fitting to the data points from a calculation of the pan genome size for all possible permutations of the available genomes. An exemplary pan genome size extrapolation for 14 *Xanthomonas* genomes is shown in Figure [2B](#F2){ref-type="fig"}.

### Pan vs. Core development plot {#SEC4-1-3}

When the aforementioned statistical features are used, it is crucial to ensure that consistent genomic data are used. The results can be strongly influenced by genomes with a high evolutionary distance to the rest of the dataset. Furthermore, the calculations can be disturbed by genomes with highly differing gene content due to poor gene prediction accuracy or highly fragmented draft genomes. To identify such outliers, the pan versus core development plot is the ideal tool. Starting with one genome, a sequence of core and pan genome sizes is calculated by iteratively adding one genome at a time to the comparison in a user-defined order. Outliers can be easily detected in the resulting pan versus core plot as demonstrated by Figure [3](#F3){ref-type="fig"}.

![Pan versus core development plot of 15 *Xanthomonas campestris* genomes. The drastic drop of the core genome size with the introduction of *Xanthomonas albilineans* strain GPE PC73 is clearly visible. The outlier status of this genome is confirmed by the phylogenetic tree.](gkw255fig3){#F3}

Phylogenetic analysis features {#SEC4-2}
------------------------------

While phylogenetic analyses were not part of the web server in EDGAR 1.0, a phylogenetic tree of all available genomes is now calculated by default for all EDGAR projects. For that purpose, EDGAR 2.0 uses the phylogenetic analysis pipeline developed on the basis of the ideas of Zdobnov *et al*. ([@B11]) which was described in the use case in ([@B7]). This pipeline analyzes the phylogenetic relationships between genomes based on the thousands of orthologous genes in the complete core genome. Multiple alignments of each orthologous gene set of the core genome are calculated using the MUSCLE software ([@B12]). The resulting alignments are concatenated to one large complete core alignment which is used to create a phylogenetic tree using the neighbor joining method as implemented in the PHYLIP package ([@B13]).

### Subtrees {#SEC4-2-1}

For some genera subbranches in the phylogenetic tree might be hard to resolve due to the close phylogenetic proximity of a certain species, e.g. for *Mycobacterium tuberculosis* within the *Mycobacterium* genus. For such cases EDGAR 2.0 offers an interface to calculate phylogenetic trees of a subset of genomes in the project. This feature enables a more detailed view of the selected subset of genomes. At the same time the reliability of the result is increased compared to the parent tree, since the size of the core genome, which is the basis of the tree calculation, increases for the reduced genome set.

### ANI and AAI {#SEC4-2-2}

While the computation of a phylogenetic tree based on the complete core genome shows good results, it is still a computationally intensive task. Two different approaches toward a phylogenetic evaluation based on the increasing availability of whole-genome sequences were proposed by Konstantinidis *et al*. ([@B14]--[@B16]), i.e. the average amino acid identity (AAI) and the average nucleotide identity (ANI). Both methods are provided by the EDGAR 2.0 web server.

For the AAI method, the average AAIs of all conserved genes in the core genome as computed by the BLAST algorithm ([@B17]) are collected. The results can be easily extracted from the EDGAR database. ANI values are computed as described in ([@B18]) and as implemented in the popular JSpecies package ([@B19]). For both methods, the resulting phylogenetic distance values are arranged in an AAI/ANI matrix, clustered according to their distance patterns and visualized as heatmaps. The heatmap images as well as the raw AAI/ANI values can be exported from the web server.

Retrieval of orthologous gene sets {#SEC4-3}
----------------------------------

The EDGAR 2.0 web server provides several ways to search and retrieve data. One of them is the retrieval of orthologous gene sets, which allows users to define a set of query genes, e.g. all genes of an operon. All genes that are orthologous to the query genes in all selected comparison genomes are identified and presented as detailed tables. This feature is thus the perfect tool to quickly find genes of interest for scientists focusing on a certain type of genes.

### Upstream motif search {#SEC4-3-1}

The EDGAR 2.0 database not only stores all coding sequences of a set of genomes, but also stores up to 400 bp of the sequence upstream of the gene start. This allows a search for conserved motifs in these upstream regions like, the Pribnow box ([@B20]), σ^*B*^-binding motifs ([@B21]), cold shock protein binding motifs ([@B22]), etc.

Inspired by the GECO software ([@B23]), an upstream motif search was implemented in EDGAR 2.0 using the *fuzznuc* software provided by the EMBOSS package ([@B24]). Users can search for PROSITE-style nucleotide patterns, either in an exact search or with up to two allowed mismatches. Genes that have the query motif in their upstream region will be displayed in a table showing the exact position of the motif.

### Core HMM scan {#SEC4-3-2}

As EDGAR stores huge amounts of data from millions of BLAST comparisons, the question arose how this data could be used to analyze data that was not included in the EDGAR project calculation. One approach in this direction is the creation of profile Hidden Markov Models (HMMs, ([@B25])) from orthologous gene sets. During the calculation of an eDGAR project, the protein sequences of all sets of orthologous genes with more than five members are aligned using MUSCLE ([@B12]) and a profile HMM is created using the HMMER3 package ([@B26]). The resulting HMM database can be queried in the EDGAR 2.0 web interface.

Higher level analysis features {#SEC4-4}
------------------------------

As already described, EDGAR provides data structures to compare single replicons or complete organisms. For comparing the gene content of all plasmids of one organism to the genes of all plasmids of another organism, a higher level of abstraction is needed. For such cases EDGAR allows users to create groups consisting of all genes of these replicons.

These groups are well suited to join replicons from one organism, but if replicons from different organisms need to be grouped, the orthologous genes from the involved organisms act as artificial paralogs and prevent a reasonable analysis. If such multi-organism-groups are needed, e.g if a researcher wishes to compare the gene content of a set of pathogenic bacteria against a set of non-pathogenic bacteria, disjunct gene sets representing a group of organisms are required. A straight forward solution is to calculate the core or pan genome of a set of genomes and to store one representative of each gene set for subsequent calculations. Such non-redundant representations of genomic subsets are called 'meta contigs' and can be created in the EDGAR 2.0. These meta contigs allow higher level comparisons. For instance, it is possible to check which genes of a genome are unique in comparison to the complete pan genome of a genome set.

REQUIREMENTS {#SEC5}
============

The precomputed EDGAR databases can be accessed via the EDGAR 2.0 web server at <http://edgar.computational.bio>. EDGAR projects are organized on genus level, and an alphabetically ordered overview of available projects is provided on the start page. The EDGAR website is free and open to all users and there is no login requirement.

In addition, for the analysis of unpublished data, password protected private databases can be created on request. For such private databases, any arbitrary collection of annotated genomes can be used. The accepted input files are all DDBJ/ENA/GenBank feature table formats.

Incomplete genomes {#SEC5-1}
------------------

EDGAR 2.0 is capable of processing incomplete genomes by joining the contigs of such draft genomes to pseudo-chromosomes. As the EDGAR method is based on the comparison of coding sequences, incomplete genomes do not pose any technical problems. Nevertheless, one should be aware that every draft genome adds bias to the EDGAR results, as every gap in a sequence may split, truncate or completely mask a gene. Thus, the usage of heavily fragmented genomes or too many draft genomes should be avoided when using the EDGAR platform. This is also the reason why the public EDGAR databases only use completed genomes.

DISCUSSION AND CONCLUDING REMARKS {#SEC6}
=================================

Since the publication of EDGAR 1.0, the EDGAR web server has become one of the most popular resources for comparative genomics. The number of publicly available projects has increased from 75 genus-based projects with 582 genomes to 167 genera and 2160 genomes. Furthermore, more than 300 private projects are currently provided to users from more than 100 universities and institutes all over the world. The largest EDGAR user base is located in Europe, but more than 50% of the researchers using EDGAR are from outside of Europe. The popularity of the EDGAR service is also reflected by the fact that in 2015 alone more than 10 000 genomes have been processed.

During the last years, the web interface has been modernized with up-to-date graphical visualizations, and the feature set was significantly extended. With the genomic subset statistics, higher level comparison features and several data search and retrieval methods EDGAR 2.0 offers a unique and comprehensive set of comparative analyses which in most cases were developed based on user feedback. The added value of the new features has been proven in numerous studies that successfully used EDGAR for phylogenetic and taxonomic analyses ([@B27]). Furthermore EDGAR was used in studies with medical ([@B28]), ecological ([@B29],[@B30]) or agricultural ([@B31]) background.

The EDGAR platform has been continuously developed and improved, and the next upcoming features are already planned. One new concept will be the usage of EDGAR data for genome annotation. Another field for improvement are the phylogenetic analysis features, where more *in silico* genome-to-genome comparison features will be implemented. The main task for the mid-term development of EDGAR will be to replace the data back end once again. While SQlite was sufficient in the 454 sequencing era and the MySQL server works fine for the amounts of data that have to be analyzed today, the ever increasing amounts of data provided by modern sequencing systems make a further stage of development necessary. Thus, a change of the EDGAR data model and the development of a NoSQL data back end have already been started.

With the presented features, EDGAR 2.0 supports a quick survey of evolutionary relationships among microbial organisms, simplifies the search for genes of interest and provides new biological insights into the differential gene content of kindred genomes.
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